I I n n d d e e p p e e n n d d e e n n t t R R e e v v i i e e w w Introduction
Over the last several years, the U.S. Department of Energy's (DOE) Office of Nuclear Energy (NE) has contracted with the Idaho National Laboratory (INL) to demonstrate the production of hydrogen from high-temperature electrolysis. Because the INL experimental team has implemented a novel approach for measuring the rate of hydrogen production, NE sought an independent verification of the approach. In turn, the DOE Hydrogen, Fuel Cells & Infrastructure Technologies Technology Analyst asked the National Renewable Energy Laboratory (NREL) to commission an independent verification of the approach being implemented by INL to measure the rate of hydrogen production in the laboratory's High-Temperature Electrolysis (HTE) Project.
Objective
The NREL Systems Integration Office (SIO), which is responsible for conducting independent reviews of R&D results within DOE's Hydrogen Program, formed an Independent Review Team (IRT) to evaluate the dew point measurement process being implemented by INL.
Independent Review Team Approach
To assemble the IRT, the SIO tapped three staff members with expertise in hydrogen production and measurement, experimental physics, and systems engineering. Appendix A contains brief backgrounds for each IRT member.
The IRT assessed the INL approach for measuring hydrogen production rates by reviewing a number of technical documents (see Bibliography list). IRT members also developed discussion points and questions, attended a detailed technical presentation made by INL staff, observed an experimental run of the test configuration, and conducted interviews with both INL and Ceramatec staff. Figure 1 is a schematic diagram of the stack-testing apparatus the INL team used for these measurements. Appendix B presents more details on the configuration and its operation. The primary focus for this review is on the measurement of hydrogen being produced in this process, notably the change in dew point temperature measurements between the input and exit gas stream of the electrolyzer stack. 
Experimental Setup

Hydrogen Production Rate Measurements
The input gas flow contains primarily nitrogen, about 10% hydrogen, and water vapor measured by the dew point sensor that precedes the furnace. Combining that information with the subsequent measurement of the outlet dew point temperature (downstream of the electrolysis stack) allows the change in dew point to be determined. This, in turn, gives the change in water vapor and (following the theoretical derivation presented in Appendix C) the rate at which steam is removed; and, hence, the corresponding rate of hydrogen production by electrolysis.
Additional pressure measurements are made (not indicated in Figure 1 ). These measurements are necessary because, during stack tests, the INL team found pressure at the humidifier to be higher than the laboratory ambient pressure by an amount that depends on the flow rates of nitrogen, hydrogen, and steam. Because of flow losses in the line, higher flow rates yield higher back-pressure measurements. The actual pressure at the humidifier has to be taken into account when calculating the dew point-based hydrogen production rates.
Hydrogen production rates can be calculated directly from the stack electric current and independently from the measured inlet and outlet dew point measurements. Figure 2 shows a plot of hydrogen production rates measured during the stepwise sweep 25-1, which was taken before a 1,000-hour endurance test began. In the figure, the left-hand vertical scale is in standard cubic centimeters per minute (sccm) and the right-hand vertical axis is in normal liters per hour (NL/hr). The current-based hydrogen production rate is simply a straight line because hydrogen production is directly proportional to the stack current based on Faraday's Law. The dew point-based measurements exhibit excellent agreement with the current-based measurements. Hydrogen production rates as high as 220 NL/hr were achieved during this sweep. 
Findings
The IRT's primary findings follow:
1. The IRT judged that the INL team members were fully competent in their field, and that this experiment was well planned and implemented.
The INL team members involved in the HTE are well qualified. They chose their experimental equipment well, and the IRT found no obvious weaknesses in the system's construction or operation. The INL team has carried out a series of experiments that incrementally lead toward a larger scale operation, with each step verifying another element along the pathway. For example, the INL team took care in designing the apparatus to verify the theoretical basis of the measurement system (i.e., why the change in dew point measurements will be correlated with hydrogen production).
Also, the INL researchers incorporated revisions to the experimental procedure as necessary based on earlier experimental results. For example, additional pressure (P o ) transducers (see Appendix D; Figure  D -1) were added to eliminate the assumption of atmospheric pressure at the dew point sensors. Doing so improved the accuracy of the dew point sensor measurements.
The IRT found INL's approach to be in good agreement with the calculation based on stack current.
Hydrogen production is calculated in two ways: (1) from the current flowing through the cell; and (2) from the changing mole fraction of H 2 O, which in turn comes from dew point temperature measurements before and after the H 2 O flows through the ~800°C furnace chamber. These two results were in good agreement, lending credibility to the assertion that neither was contaminated by parasitic effects.
The theoretical relation of current-to-hydrogen-production is linear; it assumes that two electrons produce one H 2 molecule from H 2 O. The theory relating dew point measurements to mole fraction is straightforward (see Appendix C), and assumes that when a mole of H 2 O vanishes, a mole of H 2 is produced. 1 The post-furnace dew point temperature measurement is a good way to determine H 2 production. The precision of the dew point temperature measurement is the primary source of error in that method of determining hydrogen production. Once a measured temperature is chosen, the conversion to water vapor density is very accurate and adds no errors. The IRT estimates the error brackets of this dew point method to be less than ±10%. The excellent agreement between the dew point temperature method and Faraday's Law (knowing stack current) justifies the change-in-dew-point measurement approach.
Fundamentally, one would consider using Faraday's Law and stack current measurements to be the more accurate means of determining H 2 production-as long as the system has no significant crossover losses or leaks. Leakage is discussed in more detail under "Additional Observations" later in this report. If hydrogen leaks out the side of the stack into an 800°C surrounding environment, it will combine with oxygen and form H 2 O again, and that water will escape with the air stream. In that case, the current drawn will be higher than expected for the amount of hydrogen actually contained in the outgoing gas stream. On the presumption that the electricity drawn does not do anything but electrolyze wat immediately raises the question of where some of the hydrogen went. The ensuing discrepancy in the amount of hydrogen calculated separately by the dew point method and the stack current method would, therefore, indicate a possible leak.
er, this
When the system is leak-tight, the two methods of measurement correlate very well. Before beginning any testing of a stack of electrolysis cells, the INL team did some tests on "button cells" (single electrolysis cells) using argon as the carrier gas. The button cell testing showed excellent agreement between hydrogen production determinations via {Δ dew point} and {stack current}. No additional transducers-which monitor pressure at the dew point sensors-were used during the button cell experiments. This agreement is displayed in Figure 3 . 
Figure 3. Comparison of hydrogen production rates as measured by dew point depression and as measured by cell current
Because no hydrogen leakage concerns were present in the button cell testing, the hydrogen production rates calculated via the dew point measurements and the stack current were in excellent agreement. It is clear, then, that the change in dew point from inlet stream to output appears to be a reliable proxy for measuring hydrogen production.
Additional Observations
During their review, the IRT members noted several additional observations that, although not directly related to the dew point measurement process, may be of interest to the overall project: 1. Cell degradation over time Figure 4 shows one very dramatic result from the 1,000-hour test. That figure shows a starting current of about 20 A. Then, in only one day, performance degraded about 10%, and after one week, performance degraded by about 20%. At that time the furnace temperature was increased from 800° to 830°C, and the current rose again to 20 A. The degradation that followed for the rest of the 1,000 hours appeared to follow a slope that was a continuation of the first week's curve. The improvement of performance when the temperature was raised is attributed to lower activation losses and higher conductivity through the electrolyte, but the steady deterioration seems to result from materials problems. The hydrogen production rate tracked well with the changing current, as shown in Figure 5 . The ASR (area-specific resistance) degrades over time, which may be associated with delamination.
Comparing two sweeps taken before and after 1,000 hours of operation shows about a 60% increase in ASR. Also, the per-cell operating voltage rose about 10% after the 1,000-hour run. More study is needed to explore these issues.
Leakage
In a system that is not perfectly closed (i.e., leaks), the H 2 calculated via the change in dew point temperature may disagree with that determined via stack current. For example, if H 2 preferentially leaks, H 2 O will be a greater mole fraction of the outflowing gas, and H 2 will be a smaller mole fraction of the exit product stream. In that case the hydrogen calculation based on dew point temperature measurement would not agree with that based on the stack current measurement.
If the leakage of H 2 O and H 2 are both at the same rate/ratio, though, the dew point temperature will give values for H 2 that are still in agreement with those based on current; however, some of the H 2 will be missing from the output stream. In that case, measuring total mass flow at the exit would be a way to detect any hidden leakage downstream of the inlet measurements to the stack. Such a mass flow measurement near the exit is to be part of the Integrated Laboratory Scale (ILS) experiment.
During the recent start-up (September 2007) of the ILS system, the INL team discussed the possibility that oxygen crossover may cause the variations in exit dew point measurements. The most recent data from the ILS show dew point versus stack current plots that are on different slopes and are diverging at higher stack currents ( Figure 6 ). INL staff members noted that the stacks used in the ILS start-up might behave unexpectedly because they have been dormant at ambient conditions since March 2007. 
Recommendations
The IRT is confident that the dew point measurements will yield credible results of the hydrogen production rates as the technology improves and cell degradation slows. Still, to offer even more reassurance to NE, the IRT recommends the following:
1. The INL team should conduct a thorough uncertainty analysis to bound minimum and maximum values of the hydrogen production rates as determined by the dew point measurements.
The accuracy of the dew point temperature sensors is good, but a detailed error analysis would be valuable. It is important to understand how an error associated with the measurement of T dew will propagate through the analysis, thereby degrading the accuracy of the hydrogen production measurement.
2. The IRT agrees with the INL team that the output stream should be measured before it is vented to complete the mass balance.
Incorporating the mass flow meter in the ILS tests will yield a third independent measurement of the hydrogen production rate. Also, capturing the rate of water being condensed helps to determine the total mass flow balance. The amount of H 2 O in the output stream provides a valuable comparison against the input stream. This is a way of double-checking the consistency of the process. Inlet and outlet mass flows of O 2 might also be a helpful correlative, but may be difficult to measure.
Repeat measurements of H 2 production versus stack current at several different times during the lifetime of the test would be valuable, because the level of cell/stack degradation may vary over time. The evidence described in O'Brien et al. (2006) indicates that this is likely to reveal significant changes over time.
The IRT believes that additional measurements on the airflow into the furnace during ILS experiments may be useful.
An O 2 sensor could be placed in the airstream. Also, it may be helpful to include a T dew measurement of the sweep air to determine whether any change in humidity would be attributable to leakage from within the stack. An updated schematic of the stack-testing apparatus used for this test is presented in Fig. 1 . Primary components include gas supply cylinders, gas mass-flow controllers, humidifier, dew point measurement stations, temperature and pressure measurement, high-temperature furnace, and a solid oxide electrolysis stack, condenser and exhaust. Nitrogen was used as an inert carrier gas. The use of a carrier gas allows us to independently vary both the partial pressures and the flow rates of the steam and hydrogen gases while continuing to operate at atmospheric pressure. The flow rates of nitrogen, hydrogen and air are established by means of precision mass-flow controllers (Hastings Model HFC-302, with Hastings Model 400 electronics). Air flow to the stack is supplied by the laboratory shop air system, after passing through a two-stage extractor/dryer unit.
Downstream of the mass-flow controller, nitrogen is mixed with a smaller flow of hydrogen gas. Hydrogen is included in the inlet flow as a reducing gas in order to help prevent oxidation of the nickel-zirconia cermet electrode material. The nitrogen/hydrogen gas mixture is mixed with steam by means of a heated humidifier. The humidifier consists of a heated stainless-steel vessel containing demineralized/deionized water through which the nitrogen/hydrogen flow is bubbled. A sintered stainless-steel filter was used as a sparger for this purpose. Note that an automated feedwater system was added to the apparatus to accommodate long-duration testing. This system includes a demineralized water supply, a modified humidifier with an auxiliary chamber, a float switch, and a solenoid valve. The dew point temperature of the nitrogen/hydrogen/steam gas mixture exiting the humidifier is monitored continuously using a precision dew point sensor (Vaisala Model HMP247). These measurements have indicated that the dew point temperature of the gas mixture leaving the humidifier is very close to the water bath temperature, but not necessarily equal to it. The humidifier is fitted with a clamp heater and is externally insulated. The temperatures of both the humidifier wall and the water bath are monitored continuously using thermocouples. The humidifier temperature is maintained at a constant setpoint value using feedback control. Since the vapor pressure of the water and the resulting partial pressure of the steam exiting the humidifier are determined by the water bath temperature, the water vapor mass flow rate is directly proportional to the carrier gas flow rate for a specified bath temperature. Also, since the nitrogen and hydrogen flow rates are fixed by the mass flow controllers, and the steam partial pressure is fixed by the bath temperature, the complete gas composition is precisely known at all times. All gas lines located downstream of the humidifier are heat-traced in order to prevent steam condensation. Gas line temperatures are monitored by thermocouples and controlled by means of a variable transformers [sic]. During system cool-down, it is desirable to maintain nitrogen and hydrogen gas flows. In order to allow for the flow of a dry nitrogen/hydrogen mixture through the system during cool-down, without any possibility of steam condensation, a humidifier bypass was incorporated into the gas flow lines.
Humidifier bypass is achieved by closing the shut-off valve in the humidifier inlet line and changing the position of the 3-way valve located at the inlet to the first dew point measurement station (see Fig.  2 ). The humidifier also incorporates a pressure relief valve to avoid any possibility of overpressurization. The inlet dew point measurement station is located immediately downstream of the humidifier. This measurement station consists of a stainless-steel vessel that houses the dew point sensor head, and a temperature probe. The sensors and the inlet and outlet gas lines are connected to the vessel using compression fittings. The outside of the vessel is fitted with a clamp heater and is maintained at a temperature above the gas mixture dew point value at all times using feedback control. The outlet dew point measurement station is identical to the inlet station.
The following description is reproduced from O'Brien et al. (2004) .
The principle [sic] question being asked in this independent analysis is: are the two methods of measuring hydrogen production equal? One method measures the current drawn by the electrolysis stack, and presumes that all H 2 O that vanishes turns into H 2 . The other method measures the dew point temperatures of the flowing gas before and after it enters the electrolysis cell, and thus determines the change in moisture content of the flowing gas. Whatever H 2 O is lost is presumed to turn into H 2 .
Here are the derivations of the relevant equations for both cases:
Hydrogen Production Rate Based on Current
The hydrogen production rate based on the stack ionic current is given by:
where I is the electric current to the stack, N cells is the number of cells in the stack, and F is the Faraday number (F = 96487 J/V mol). The product of I and N cells is the stack ionic current. The molar production rate can be converted to a volumetric rate by invoking the ideal gas law:
Hydrogen Production Rate Based on Dew point Measurements
The hydrogen production rate can also be determined from the inlet and outlet gas stream dew point temperatures since one mole of steam consumption corresponds to one mole of hydrogen production. From the measured dew point temperatures, water vapor pressures may be calculated from an appropriate correlation (e.g., Antoine 2 ). The inlet and outlet mole fractions of steam can then be obtained from:
where P is the system pressure measured at the humidifier. It should be noted that since the mole fraction of steam in the inlet gas flow is determined by the dew point temperature and the system pressure, the total inlet flow rate of steam is therefore directly proportional to the sum of the molar flow rates of nitrogen plus hydrogen: ( )
The magnitude of the total steam flow rate is important in determining whether or not steam starvation is likely to occur during electrolysis operation. 2 Alternatively, see the vapor pressure table in Appendix E of this IRT report.
The inlet mole fraction of hydrogen, y H2,i is determined by the steam mole fraction and the ratio of the nitrogen flow rate to the hydrogen flow rate, both of which are determined by the setpoint values established on the mass flow controllers:
Finally, the molar rates of hydrogen production and steam consumption may be determined from:
Reproduced here is Figure 7 from O' Brien et al. (2006) , documenting 1,000 hour performance. It shows a comparison between the two methods of measurement before the long-duration run was begun.
The agreement between the two methods appears to be very good.
Figures D-1 and D-2 show actual data from the experiment as it was running; that is, they are printouts from the screen of the monitoring equipment. Close scrutiny of either figure shows typical values for the many parameters recorded during the experiment. These screens were captured on August 28, 2007.
The addition of pressure sensors near the dew point measurements appears clearly in Figures D-1 
Appendix E: Vapor Pressure of Water
This appendix discusses the relationship between vapor pressure of water and dew point temperature.
The HyperPhysics Web site (http://hyperphysics.phy-astr.gsu.edu/hbase/kinetic/relhum.html#c3) provides explanatory text about dew points, as well as the following data about water vapor at moderate temperatures. This table presents data for the relationship between saturated vapor pressure, saturated vapor density, and temperature. The vapor pressure and vapor density are different (not merely a matter of units), because PV = nRT doesn't apply (in this temperature range water is normally a liquid). Each is useful in certain applications.
For the experiments studied here, the mass content of H 2 O in the flowing gas is of interest, so vapor density is the important parameter. A polynomial is often used to fit the data for water vapor density up to 100 o C:
Source: HyperPhysics Web site: http://hyperphysics.phy-astr.gsu.edu/hbase/kinetic/relhum.html#c3 . Used with permission from C.R. Nave, HyperPhysics. For example, at 300 o K the vapor pressure of water is 0.00355 MPa = 26.6 mm Hg.
By scaling A and B and sliding C, this formula can be converted into mm Hg, degrees C or F, etc. 
